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Physical and chemical characteristics of feed coal and 
its by-products from a Brazilian thermoelectric power 
ABST5CT: In this study, a feed coal (FC) sample was characterized by X-ray fluorescence (XRF), X-ray diffractometry  
(XRD), infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), particle 
size distribution analysis by laser diffraction, loss on ignition (LOI), total carbon content (TC), pH and conductivity.            
FC-derived by-products (CCBs) collected at the same coal-fired power plant were: boAom ash (BA), fly ash from cyclone 
filter (CA) and fly ash from bag filter (FA). In addition to the techniques used for feed coal characterization, CCBs were also  
characterized by total surface area (by using BET method), external surface area (by using laser diffraction), cation exchange 
capacity (CEC), bulk density, besides leaching and solubilization tests. FC sample contains 72.2% of volatile material, of 
which 55.3% is total carbon content. LOI, FTIR, TGA and TC analyzes corroborated with these results. 1e main                
crystalline phases in the FC sample were found to be quartz, kaolinite and pyrite. 1e elements As, Cr, Ni and Pb were        
encountered in the FC sample, indicating that the use of feed coal should be monitored due to the toxic potential of these 
elements. 1e three coal ashes were classified as class F according to ASTM and presented similar chemical composition. 
Ashes enrichment factor analysis (EF) showed that As, Zn and Pb concentrate mainly in fly ash from bag filter (FA). All ashes 
presented quartz, mullite and magnetite as crystalline phases, as well as the same functional groups, related to the presence of 
humidity, organic maAer and Si and Al compounds. XRD, XRF, TGA, FTIR, LOI and TC techniques were correlated and 
confirmed the obtained results. Leaching and solubilization tests of CCBs showed that FA sample was considered hazardous 
and classified as class I waste, while CA and BA samples were considered non-hazardous and non-inert wastes and classified as 
class II-A. In this work, feed coal sample was also compared to the CCBs samples generated from it. 1e results showed the 
differences between fuel and products through the different characterization techniques. In addition to contributing to the 
understanding of the relationship between coal and its combustion products, this work can also help to reduce the               
environmental impacts caused by the CCBs disposal.  
Key words: Mineral Coal; Coal Combustion By-products; Materials Characterization.  
1. INTRODUCTION 
Electric energy production in sufficient quantity to 
supply for the Brazilian demand is great prominence in    
Brazil. 1e water shortage in Brazil has made the energy 
supply even more important. According to [1], the drought 
in some regions of Brazil since 2013 has resulted in changes 
in the country's energy levels. Hydroelectric production has  
significantly fallen from 81% to 69% in 2013. 
Coal is the  most widely used source for electric  power 
generation. In Brazil, coal is responsible for only 2.5% of 
energy production [2], but this percentage tends to increase 
due to the operation of new power plants for supplying the 
growing energy demand. Brazilian coal-fired power plants 
have no reached a reasonable level of sustainability yet, due 
to the various environmental problems related to              
production process, emission of greenhouse gases (GHG) 
and disposal of  solid waste, coal combustion by-products- 
CCBs.  
According to [3], the CCBs generated in Brazilian  
thermal power plants are discarded in sites for                       
low-costdisposal. 1e most common alternatives include 
open and closed landfills, abandoned mines, sedimentation 
ponds, sedimentation basins, etc. [4]. Such practices usually 
entail in a number of environmental problems, such as    
contamination of vegetation and rivers around the plants, 
unproductive use of land in addition to high maintenance 
costs [5, 6]. CCBs generated aQer coal combustion include 
fly ash, boAom ash and furnace slag. Among these, fly ash has 
a wide application due to its pozzolanic properties for       
concrete and Portland cement production [5]. however, the 
production rate of CCBs is much high, causing most of this 
waste to be disposed in inappropriate places and various 
environmental and economic problems. 1us, the           
properties of feed mineral coal in thermal power plants and 
its by-products are important to understand the                  
relationship between these materials and to minimize the 
environmental impacts caused by coal-fired power plants. 
Feed coal and CCBs samples from Figueira 1ermal 
Power Plant (FTPP), located in southern Brazil, were     
chosen for this study because they are the combustion      
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residues generated in Brazilian coal-fired power plants that 
present the major environmental problems related to their 
chemical composition according to previous studies [7, 8]. 
Although the FTPP coal and some of its combustion      
products have been studied in some works [7-17], no a   
systematic characterization, has been done.  
1e present work is to characterize, to evaluate and to 
correlate the physical and chemical characteristics of feed 
coal and combustion by-products from FTPP using several 
analytical techniques in order to compare these results with 
the samples from the same power plant aQer its                 
modernization as well as to propose environmental          
solutions to minimize the environmental impacts caused by 
the CCBs disposal.  
2. MATERIALS AND METHODS 
2.1  Area of study 
Figueira 1ermal Power Plant (FTPP) is located at the 
municipality of Figueira, Paraná State, Brazil and belongs to 
the state energy company, Companhia Paranaense de      
Energia (COPEL). 1is company is currently operated by 
Companhia Carbonífera do Cambuí, which is also            
responsible for mining activities [18]. FTPP has been      
operated since 1963 and has 20MW of energy   generation 
capacity, however, it has been generated only 10.3 MW of 
energy on average [19]. 
1is power plant will be expanded to increase the  
average electric energy to around 17.4 MW. 1e coal       
consumption will be the same asd today (6500 t/month), 
but with a new technology [19]. 
2.2  Coal and ash samples 
1e mineral coal used in FTPP is bituminous [6]. 
AQer mining from the underground located near the power 
plant, the coal is processed to reduce the contents of pyrite 
and other inorganic compounds  milled and placed into the 
furnace, where it will be burned with atmospheric air. 1e 
last stage of coal grinding occurs in the pulverizer and the 
collected sample from the pulverizer was used as feed coal  
and labelled as FC. 
AQer the coal burning, three different types of coal 
combustion products (CCBs), boAom ash (BA), fly ash 
from cyclone filter (CA) and fly ash from bag filter (FA) 
were collected.                       
1e boAom ash, in the largest particle size, falls down 
in a container of water on the boAom of the      furnace and is 
withdrawn from the system. Cyclone filter fly ash at          
intermediate particle size is collected by a cyclone filter. 1e 
smallest particle size ashes (fly ashes) are retained by a bag 
filter aQer the cyclone filter. Figure 1 summarizes the coal 
ash retention systems used in FTPP. 
2.3  Characterization 
2.3.1 Chemical composition 
1e chemical composition of feed coal and CCBs were 
determined by X-ray fluorescence (XRF) in a Bruker S8 
Tiger equipment.  
2.3.2 Total carbon content 
Total carbon content was determined by a LECO   
analyzer (model CS-400) with a radio frequency furnace 
(model HF-400A). Firstly, a sample was placed in an       
alumina crucible and burnt under oxygen atmosphere 
(99.9% of purity) in a radio frequency furnace, generating 
CO and CO2 gases. Subsequently, all CO was converted into 
CO2 by a catalyst, and the total quantity of CO2 was         
determined by an infrared detector [20].  
2.3.3 pH and conductivity 
1e pH and the conductivity were measured as follows:  
samples (0.25 g) were placed in 25 mL of deionized water 
and the mixture was stirred for 24 h in a shaker at 120 rpm 
(Ética — Mod 430). AQer filtration, the pH of the solutions 
was measured with a pH meter (MSTecnopon - Mod MPA 
210) and the conductivity was measured with a 
conductivimeter (BEL Engineering-Mod W12D) [21, 22]. 
AIR +  
PULVERIZED 
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GENERATION 
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Fig. 1. FTPP coal ash retention systems scheme.  
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2.3.4 Loss on ignition 
1e content of loss on ignition (LOI) of feed coal and 
CCBs were calculated according to the weight loss on the 
samples subjected to heating at 1020°C for 2 h in a muffle 
furnace and expressed in percentages.  
2.3.5 Bulk density 
1e bulk density of zeolitic materials was calculated 
from the weight of each sample divided by the volume of 35 
mL of the sample in a beaker. 
2.3.6 Determination of the specific surface area by gas     
adsorption 
1e N2 adsorption measurements of the samples were 
carried out using a Micromeritics Adsorption Analyzer, 
model ASAP 2010. Prior to measurements,  samples were 
heated at 120 °C for 8 h under vacuum  conditions to       
remove volatiles and moisture. 1e BET surface areas were 
obtained by applying the BET equation to the nitrogen   
adsorption data. 
2.3.7 Cation exchange capacity (CEC) 
In Cation Exchange Capacity measurements (CEC), 
the samples were saturated with sodium acetate solution (1 
mol L-1), washed with distilled water (1 L) and then mixed 
with ammonium acetate solution (1 mol L-1). 1e sodium 
ion concentration of the resulting solution was determined 
by optical emission spectrometry with inductively coupled 
plasma – ICP-OES (Spectro – Arcos).  
2.3.8 Morphlogy 
1e morphology of feed coal and CCBs was verified by 
a scanning electron microscope (Philips - XL30).   Samples 
were covered with a thin layer of gold to make them         
conductive prior to observations in the microscope. 
2.3.9 Mineralogical composition 
1e mineralogical compositions of samples were     
determined by X-ray diffraction (Rigaku - Multiflex II            
X-ray Diffractometer) using Cu Kα radiation at 40 kV and 20 
mA. 1e scan rate was 0.02 °/s and ranged between        5 - 90 
º (2θ). Crystalline phase identification was made by using 
the Search-Match computer program and by      searching 
the ICDD powder diffraction file database, with the help of 
JCPDS (Joint CommiAee on Powder Diffraction Standards) 
files for inorganic compounds. Rietveld refinement method 
was used to quantify the mass percentage of each crystalline 
phase for each sample. 1e crystallographic data were      
analyzed by using the Find It program. 1e General       
Structure Analysis System program (GSAS) was used to 
refine the phases. 
2.3.10 Functional groups identification 
1e functional groups present in the coal and in the ash 
samples were determined by the Fourier Transform Infrared 
(FTIR) absorption spectroscopy technique using             
1ermo-Nicolet equipment, model Nexus 670, with a range 
of 4000 cm-1 at 400 cm-1. Samples were prepared by           
dissolving the sample itself with KBr (previously oven dried 
and used as diluent) until a homogeneous mixture was    
obtained. 1e solid mixture was pressed to form a pellet and 
submiAed to the equipment. 
2.3.11 1ermal analysis 
Sample mass variation as a function of temperature was 
evaluated by 1ermo Gravimetric Analysis (TGA) using the 
TGA thermogravimetric analyzer SDTA 851 - MeAler    
Toledo. For the feed coal, a mass of 9.3 mg of the previously 
dried sample was heated using a rate of 10 ° C min-1 in an 
inert nitrogen atmosphere with a flow of 50 mL min -1, and 
followed by an isotherm at 1200 ° C in an oxygen               
atmosphere during 15 min [23]. For the ashes, 7 mg of each 
sample was previously dried and analyzed under a dynamic 
nitrogen atmosphere with a flow of 50 mL min-1 and heated 
until reach 1200 ° C using a rate of 10 ° C min-1.  
2.3.12 Particle size analysis 
1e particle size distribution for the samples was     
determined using a laser diffraction particle size analyzer 
(Malvern Instruments - Version 5.54). Isopropyl alcohol was 
used as a dispersing medium. 1e working range of   particle 
size was 0.1 to 1000μm. 
2.3.13 Leaching and solubilization tests 
1e ashes environmental classification was carried out 
by leaching and solubilization tests according to the         
Brazilian regulations NBR 10005: 2004 and NBR 10006: 
2004, respectively. For the leaching tests, 10 g of coal ash 
sample was stirred with an acetic acid solution (pH 4.93   ± 
0.05) for 18 h at 30 rpm (Ética – Mod. 430 Agitator).  AQer 
filtration, the leachable compounds were extracted, and the 
elements of interest were analyzed [24]. For the                 
solubilization tests,   25 g of coal ash sample was placed in 
contact with 100 mL of ultrapure water. 1e suspension was 
stirred for 5 min and aQer it was allowed to stand for seven 
days at room temperature. AQer filtration, the solubilized 
extracts were analyzed [25]. For both the leaching and    
solubilization tests, the concentration of Hg was                
determined by graphite furnace atomic absorption cold  
vapor spectrometry (CV-AAS-PerkinElmer – A Analyst – 
800) while the concentrations of all others elements were 
determined by inductively coupled plasma optical emission 
spectrometry (ICP-OES – Spetro – Arcos). 1e pH and the 
conductivity in all    extracts were also determined. 
3. RESULTS AND DISCUSSION  
3.1  Feed coal characterization 
Table 1 Characteristics of feed mineral coal used for       
electric power generation at the Figueira 1ermoelectric 
Power Plant – FTPP.  
Characteristics 
(FC) 
Obtained 
Values 
Reference 
Loss on ignition 72.2 % Present work 
Total carbon 55.32 % Present work 
pH 6.71 Present work 
Conductivity 77 µS Present work 
Fixed carbon 43 % 
UTFG 
Collection 
Calorific value 4.780 kCal/kg 
UTFG 
Collection 
Ash content 
 
26 % 
UTFG 
Collection 
Humidity content  10 % 
UTFG 
Collection 
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1e physical and chemical characteristics of the feed 
coal used for electric energy generation in Figueira 1ermal 
Power Plant (FTPP) are shown in Table 1. According to 
Table 1, feed coal presented loss on ignition of 72.2%,     
related to the volatile maAer which contains hydrocarbons 
and other light chemical elements in its composition, such as 
nitrogen, sulfur, and oxygen. 1ese components are         
converted in combustion gases when mineral coal is burnt. 
Total carbon content was 55.32%. 1is amount represents 
all carbon in the sample which can be converted to CO2, 
including organic carbon. According to [26], Brazilian coal 
samples from Butiá, Jacuí, Tubarão and Criciúma mines 
presented total carbon content of 42.88%, 49.82%, 40.79% e 
46.90%, respectively. 1us, feed coal from FTPP presented 
higher total carbon content when compared to the coal from 
mines from other parts of Brazil. 1is factor can                 
contribute to the generation of a greater quantity of          
electricity, making the thermal plant more efficient. Fixed 
carbon which is the remaining residue aQer combustion of 
coal without the volatile compounds was 43% for FC        
sample.  
1e calorific value of FC was 4.780 kCal/kg.            
According to [26], C and H are the main  elements that  
contribute to that parameter, whereas the presence of      
oxygen decreases the calorific value as well as the necessity of 
combustion air. 1us, the content of  carbon in the coal is 
directly related to the calorific value, accordingly, coal with a 
high content of carbon can also present a high calorific    
value. On the other hand, coal with a high content of        
humidity and ash is considered as lower quality. 
According to Table 1, the pH of FC was 6.71. 1is pH 
is related to the soil acidity from Figueira region, from where 
the coal is extracted [27]. 1e conductivity value was 77 µS. 
1is parameter is related to the elements which can be    
dissolved, as metals and other inorganic compounds, which 
are shown later in chemical and mineralogical                     
composition of coal (Table 2 and Figure 2, respectively). 
1e higher the organic maAer content in coal, the higher its 
calorific value, and therefore the lower its conductivity. 1e 
ash content from feed coal was 26%, which is considered 
high when compared to the ash content from other          
Brazilian coal samples [28, 29]. 1e humidity content was 
10%. According to [26], water is usually found in all fuels, 
particularly in solid fuels, in the form of humidity, and     
results in a decrease in calorific power besides                     
corrosion-related problems. 1e chemical composition of 
feed coal (FC) from FTPP  obtained by X-ray fluorescence 
(XRF) is given in Table 2.  
According to Table 2, FC is mainly composed by SiO2, 
Al2O3, SO3 e Fe2O3, with a content of 13.0%, 5.59%, 4.94%, 
and 2.05%, respectively. Quantities below 1% of K2O, CaO, 
MgO, TiO2, and Na2O are also observed. Other metallic 
elements such as zinc, manganese, lead, copper, chromium, 
zirconium and strontium may also be present in coal. 1e 
chemical   composition of feed coal from FTPP is in         
accordance with other research both from Figueira coal  
samples and other research both from Figueira coal samples 
and from other sources [7, 30]. As, Cr, Ni, and Pb are      
considered toxic, thus, their presence in coal needs to be 
monitored in order to avoid environmental pollution both in 
the air, where they can be released together with the         
combustion gases, and also in the solid wastes, where those 
elements can concentrate [31]. Elements as Hg and U were 
not determinate in this study, but they can usually be       
encountered in feed coal samples from Figueira Power Plant 
[7, 9].  
Table 2  Chemical composition (wt%) of feed coal sample 
from FTPP 
Light elements as H, Li, Be, B, C, N e O were not  
identified by the X-ray fluorescence equipment used in this 
study but their presence can be detected by using  other 
characterization techniques such as loss on ignition and total 
carbon content (Table 1), infrared absorption                   
spectroscopy (Figure 3) and thermal analysis (Figure 4), 
which will be discussed later. 
Silicon, sulfur, iron and aluminum contents are       
related to mineral phases of quartz, pyrite, and kaolinite  
present in the sample. 1ese crystalline phases obtained by X
-ray diffraction (XRD) can be observed in Figure 2. 1e 
XRD PaAerns, chemical formulas and mass percentage of 
the different crystalline phases identified in the feed coal 
sample are shown in Table 3.  
In addition to the three identified crystalline phases, 
Figure 2 indicates the presence of amorphous content in FC 
through the elevation of the baseline between angles 5 and 
30 ° 2θ. 1at amorphous phase is related to carbon, organic 
maAer, and other inorganic compounds contents present in 
the sample.  
Table 3 shows that Kaolinite was present in a higher 
percentage (62.3%), followed by quartz (31.5%) and pyrite 
(6.2%). Pyrite content is in accordance with [31], which 
Components FC 
SiO2 13.0 
Al2O3 5.59 
SO3 4.94 
Fe2O3 2.05 
K2O 0.69 
CaO 0.581 
MgO 0.317 
TiO2 0.259 
Na2O 0.233 
ZnO 0.062 
P2O5 0.019 
MnO 0.016 
PbO 0.005 
SrO 0.004 
CuO 0.004 
As2O3 0.011 
ZrO2 0.011 
Cr2O3 0.01 
Y2­O3 <0.001 
NiO <0.001 
Rb2O <0.001 
V2O5 <0.001 
MoO3 <0.001 
BaO <0.001 
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aAributes a content for this mineral estimated around 7% for 
Figueira coal. 1e crystalline phases identified in FC        
sample are in accordance with the results presented by [28] 
and [23] which have studied Brazilian coal samples.  
Fig. 2.  XRD PaAerns of feed coal sample (Q = Quartz, P = 
Pyrite and K = Kaolinite).  
Table 3 XRD PaAerns, chemical formulas and mass         
percentage of the different crystalline phases identified in the 
feed coal sample (FC). 
It is important to highlight that the mass percentages 
obtaine by the Rietveld Method (Table 3) were calculated 
without the amorphous phase. 1is analysis was only done 
for comparison between the samples so that the sum of the 
percentages of the crystalline phases was 100%. 1e          
morphology of the CA sample verified by a scanning         
electron microscope (SEM) is shown in Figure 3. 
According to Figure 3, FC sample is formed of         
particles of varying sizes and shapes. 1is morphology is 
related to the presence of the different compounds showed 
in chemical and mineralogical composition     analysis. 
Figure 4 shows the functional groups present in the 
feed coal, identified by FTIR absorption spectroscopy    
technique. 1e bands at 3619.66 cm-1 and 3405.60 cm-1 are 
aAributed to free water and hydration water,                        
respectively. 1e presence of organic maAer is related to 
bands at 2920.31 cm-1 and  1384.30 cm-1, which refer to axial 
and angular deformations of C-H bonds of aliphatic groups, 
respectively, as well as the bands at 1598.03 cm-1 and 912.40 
cm-1, which refer to axial and angular deformations of C=C 
bonds of alkenes. 1e bands at 1030.37 cm-1 and 533.16 cm-1 
could be assigned to characteristic bonds of O-Si-O groups, 
for axial and angular deformations, respectively. 1e bands at 
777 cm-1 and 466.64 cm-1 are  aAributed to the symmetrical 
stretching vibration and asymmetrical stretching vibration of 
the     O-T-O groups, respectively, where T represents Si or 
Al present in the    crystalline phases of quartz and kaolinite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Scanning Electron Micrographs (SEM) of feed coal 
(FC): a) Size: 500 X; b) Size: 4000X.  
 
 
 
 
 
 
 
 
Fig. 4.  FTIR spectra of feed coal sample (FC). 
1e functional groups identified by FTIR                  
corroborate with the results of the chemical and                 
mineralogical analysis (Tables 2 and 3). 1e presence of the 
amorphous phase, for example, discussed at the XRD results 
was confirmed by the presence of C-H and C=C functional 
groups identified by FTIR. In addition, the amount of     
organic maAer present in the coal is reflected in the loss on 
ignition (LOI) results showed in Table 1. 
1e TGA and DTG diagrams of FC sample obtained 
by 1ermo Gravimetric Analysis (TGA) using the TGA 
thermogravimetric analyzer are shown in Figure 5.            
According to Figure 5, TGA curve shows a small    decrease 
in weight related to moisture loss (1.0%), followed by a loss 
of volatile material between 440 and 523 °C (15.93%)and a 
loss of organic maAer between 523 °C and 1199 °C 
(26.47%). 1ese first weight losses occurred in an inert   
atmosphere (N2). When the sample was placed in an       
oxidizing atmosphere (from 1200 °C), there was a rapid 
weight loss of 29.8%, related to the combustion of fixed  
carbon present in feed coal. According to [23], the peak at 
440°C in DTG curve can be aAributed to the pyrolysis    
process of the compounds with structures less stable usually 
present in Brazilian coal samples as well as the thermal    
Crystalline 
Phases 
XRD 
Pattern 
Chemical 
formula 
Percentage 
Kaolinite (K) 74-1784 
Al2Si2O5
(OH)4 
62.3 % 
Quartz (Q) 83-539 SiO2 31.5 % 
Pyrite (P) 42-1340 FeS2 6.2 % 
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decomposition of pyrite (identified by XRD – Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 5. TGA-DTG diagrams of pulverized feed coal (FC). 
1e weight loss of FC sample caused by the loss of     
organic maAer (26.47%) together with the weight loss    
related to the content of fixed carbon at 1200 °C (29.8%) 
corroborates to the content of total carbon determined for 
this sample (55.32% - Table 1), showing that these two  
techniques can be complementary in the characterization 
study of coal. In addition, TGA-DTG analysis also            
confirms the results of loss on ignition obtained for FC   
sample (72.2% - Table 1), which is related to the loss of  
volatile maAer, organic maAer and fixed carbon, with weight 
losses of 15.93%, 26.47%, and 29.8%, respectively. 1e    
residual mass of the sample (27.78%) refers to the    content 
of the remaining inorganic material or ashes, and it is similar 
to the result of the ash content of the coal that feeds Figueira 
Power Plant, showed in Table 1 (26%). 
1e results of the particle size distribution of the feed 
coal sample determined by using a laser diffraction particle 
size analyzer can be observed in both Figure 6 and Table 4.  
Fig. 6.  Particle size distribution of feed coal sample (FC).  
Sauter diameter (D3.2) is the average diameter          
calculated by the equipment based on the average surface 
area of the particles and it is very important for studies of a 
surface. 1e D4.3 diameter is the average diameter based on 
the average volume of the particles and can be related to the 
burning efficiency of coal in the thermal plant.   According to 
Table 4, the D3.2 and D4.3 values for FC sample were 14.888 
μm and 79.308 μm, respectively. 1e shape of the curve  
observed in Figure 6 shows that the particle size distribution 
follows a normal distribution, thus the average particle    
diameter of FC coal can be considered to be close to the D50, 
and therefore around 43.357 μm.  
 
Table 4  Particle size distribution analysis of FC sample  
 
3.2 Coal Combustion By-products (CCBs)              
characterization 
3.2.1 Chemical composition  
1e determination of the chemical composition of the 
coal combustion residues is very important to study the most 
convenient and less aggressive disposition    method to the 
environment as well as to study the potential                       
applications of these by-products. 1e chemical                
compositions of the CCBs (by % weight) determined by     X
-ray fluorescence (XRF) are given in Table 5.  
Table 5 Chemical composition (wt%) of coal ash samples 
Components BA CA FA 
SiO2 45.4 46.0 49.2 
Al2O3 17.0 16.2 21.6 
Fe2O3 10.2 13.2 9.86 
CaO 2.76 3.57 2.06 
K2O 2.46 2.20 2.74 
SO3 1.46 1.54 1.65 
TiO2 0.863 0.86 1.20 
MgO 0.936 0848 1.02 
Na2O 0.942 1.01 1.23 
ZnO 0.136 0.222 0.682 
MnO 0.084 0.099 0.061 
P2O5 0.039 <0.001 0.097 
Cr2O3 0.055 0.062 0.048 
PbO <0.001 0.02 0.049 
As2O3 0.026 0.034 0.16 
ZrO2 0.063 0.067 0.099 
Rb2O 0.012 0.011 0.014 
SrO 0.02 0.022 0.029 
NiO <0.001 0.009 0.011 
CuO 0.012 0.015 0.022 
Y2­O3 0.016 <0.001 0.028 
V2O5 0.06 0.053 0.082 
MoO3 0.014 0.016 0.03 
BaO 0.038 <0.001 <0.001 
SiO2/Al2O3 2.47 2.57 2.19 
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1ere were no significant variations among the         
contents of the main oxides present in the ashes. 1e sum of 
main oxides (SiO2+ Al2O3+ Fe2O3) was 72.6, 75.4 and 80.7% 
for BA, CA and FA, respectively. 1ese ashes were classified 
as Class F type according to the American Society for     
Testing and Materials (ASTM C618). 1e contents of Si 
and Al were above 60% for all samples indicating that these 
materials can be used for the synthesis of alternative         
adsorbent materials [8, 10, 32-34]. 1e contents of CaO, 
K2O, and SO3 were between 1.5 and 3.6%. 1e iron and  
sulfur compounds (Fe2O3 and SO3) are derived from the 
pyrite (FeS2) usually present in the feed coal (determined by 
XRD – Figure 2). 1e presence of S in CCBs shows that not 
all the sulfur present in the pyrite can be converted into SO2 
and SO3 gases aQer the coal combustion. Low variations in 
the amounts of the presented compounds can occur due to 
the different exposure time of each waste to the heat from 
the flue gas that comes from the furnace, which allows that 
some volatile elements to separate from the solid phase and     
migrate to the gaseous phase. 1e SiO2/Al2O3 ratios were 
calculated for coal ashes and the values ranged from 2.19 to 
2.57. 1ese values are consistent with other studies [4, 35].  
In order to understand how the main elements         
present in the coal behave during the combustion, in which 
type of waste they are more likely to concentrate and which 
elements are more or less volatile, the Enrichment Factor 
(EF) was calculated. 1rough EF, the concentrations of the 
different elements can be normalized using as reference a 
non-volatile element for which their concentration is known 
in both coal and ash. 1e use of EF is more convenient than 
the direct comparison between the concentrations of the 
elements. 1e non-volatile elements most used in this     
calculation are Al, Ce, Fe, Si, and Ti, among others. In the 
present study, Al was chosen as the non-volatile element [28, 
29]. 1e EF was     calculated for boAom ash (EFBA), for the 
ash from cyclone filter (EFCA), and for the fly ash from bag 
filter (EFFA) by    equations (1), (2) and (3), respectively: 
 
EFBA = [CoBA/CAlBA] / [CoCoal/CAlCoal]  (1) 
 
EFCA = [CoCA/CAlCA] / [CoCoal/CAlCoal]  (2) 
 
EFFA = [CoFA/CAlFA] / [CoCoal/CAlCoal]  (3) 
 
Where, Co is the concentration of a given element and 
CAl is the concentration of aluminum in the concerned 
waste (BA, CA or FA) or in the feed coal [28, 29, 36]. By 
using this normalization system, the enriched elements in 
the ashes will reach an EF > 1. On the other hand, the most 
impoverished elements will have an EF < 1 [29]. A            
comparison among the EFs determined for each ash can also 
be made to verify in which waste the concerned element 
concentrates more and verify its volatilization. Figure 7 
shows the EFs calculated for the different chemical elements 
present in the ashes.  
According to Figure 2, the elements enriched in the fly 
ash from bag filter (which presented EF > 1) in                  
descending order were as follows: As (FE = 3.8), Zn (2.8), 
Pb (2.5 ), Zr (2,3), Sr (1,9), Cu and Na (1,4), P (1,3), Fe, 
Ti, and Cr (1,2). 1e three elements which presented the    
highest EF in the fly ash (As, Zn and Pb) were                    
impoverished in boAom ash (EF of 0.8, 0.7 and 0 for the 
elements, respectively), but presented an intermediate value 
(and higher than 1.0) for the cyclone ash. 1ese results     
indicate that those elements are still volatile at the cyclone 
filter temperature and condense inside the bag filter when 
the temperature decreases, concentrating on the ashes with a 
smaller particle size (FA). CA sample presented EF > 1 for 
the following elements: Fe, K, Ca, Ti, Na, Zn, Sr, Mn, Pb, 
Cu, As, Zr and Cr. Most of these elements are also concen-
trated in the FA sample and are depleted in the BA sample, 
with the exception of Ca and Mn, which concentrated more 
in the CA sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.  Enrichment Factor (EF) to the main elements from 
BA, CA and FA samples  
1e elements that presented the highest enrichment in 
the boAom ash sample (BA) and, therefore, presented low 
volatility are K and Mg. Sulfur showed                                    
impoverishment for all ash samples, indicating that most 
part of this element is emiAed together with the flue gases. 
Some variations among the enrichment factors                   
determined for the ashes can be related to the affinity of 
some elements for the unburnt carbon content of the       
samples [29].  
In order to complement the chemical composition 
study, the determination of total carbon content (TC) of 
CCBs was also performed (Table 6). Total carbon content 
was determined by a LECO analyzer.  
Table 6 Total carbon content of coal ash samples (wt%)  
According to Table 6, the total carbon content of CCBs 
follows the order: BA > CA > FA. 1at result was expected 
because BA sample had a shorter exposure time to the flue 
gases from the burning of coal when compared to the other 
samples and consequently has more remaining unburned 
carbon in it (as shown in Figure 1). On the other hand,   
particles which had a longer exposure time to the              
combustion gas presented lower total carbon content (Fly 
Si S Fe K Ca Mg Ti Na Zn P Sr Mn Pb Cu As Zr Cr
0
1
2
3
4
E
F
Elements
 BA       CA        FA     
Samples C (%) 
BA 26.83 
CA 15.72 
FA 3.05 
Applied Materials and Technology 
J.Appl.Mat and Tech. 2019, 1(1), 1-14 
8 
Research Article 
Fig. 8. Scanning Electron Micrographs (SEM) of coal ashes: a) BA; b) CA; c) FA. 
A B C 
Applied Materials and Technology 
ash sample – FA). Studying total carbon   content in this 
CCBs samples is also important in order to compare these 
results, which reflect the power plant  burning efficiency, 
with the new samples from the same power plant aQer its 
modernization.  
3.2.2 Physical and chemical characteristics 
1e pH and conductivity obtained from coal ashes are 
given in Table 7. 1e pH values of CCBs suspension were 
very close and presented alkaline characteristics due to the 
presence of cations of both alkali and alkaline earth metals 
(showed previously in Table 5) in the ashes, similar to the 
results reported by other researchers [8, 37, 38].  
1e conductivity values of fly ashes suspension were 
121,0 µS, 138 µS, and 183,0 µS, for BA, CA, and FA,         
respectively. 1is crescent order is related to the                
decreasing order of particle size for the different CCBs 
(shown posteriorly in the morphology study in Figure 8 and 
confirmed in the particle size analysis at item 3.2.7). Because 
fly ash sample (FA) has the smallest particle size, some   
compounds present in its chemical composition (showed in 
Table 5) as As, Ba, Cr, Cu, Mo, and Sr, can undergo         
dissolution easier than the samples with higher particle sizes, 
conferring its suspension higher conductivity. 1ese results 
are in accordance with other studies reported the values of 
conductivity for different Brazilian fly ashes [7, 8].  
It should be noted that the ashes with the lowest total 
carbon contents (FA and CA - Table 6) also presented   
higher conductivity values. [7] explains that as the carbon 
content gets lower, the level of solubilization of the other 
elements gets higher, what is in accordance with this study.  
As shown in Table 7, the values of loss on ignition for 
CCBs followed the same decreasing order of TC 
(BA>CA>FA - Table 6), confirming that the sample with a 
shorter exposure time to the heat gases from the power plant 
furnace, the boAom ash sample (BA), was less burnt than 
the other two samples, and therefore presented   higher loss 
on ignition. 
According to Table 7, bulk density was very similar to 
all samples, but it was slightly lower for BA. Because BA  
sample presents higher particle size, it occupies a higher 
volume for the same sample weight, conferring it lower   
density when compared to the other two samples. In        
addition, BA also presented higher content of carbon, that 
besides being a light element, it also confers a greater       
porosity to the sample, giving it less weight for a given     
volume. 
1e specific surface area (SBET) determined by a       
Micromeritics Adsorption Analyzer, and the external       
surface area, obtained by a laser diffraction particle size   
analyzer were both obtained for CCBs and, are also given in 
Table 7. 1e decreasing order of the specific surface area 
values (BA>CA>FA) suggests that the porosity of materials 
increases with the content of carbon, resulting in higher  
internal surface areas and consequently higher total surface 
areas (BET area). On the other hand, when only the        
external surface area is considered, its values will vary       
depending on particles size. 1erefore, external surface area 
increases with the increasing of particle size according to the 
order: BA (0.188 m2 g -1) < CA (0.234 m2 g -1) < FA (1.35 m2 
g-1). 1e cation exchange capacity results (CEC - Table 7) 
show that the values for the CCBs were 0.05, 0.07 and 0.16 
meq g-1 for the BA, CA and FA samples, respectively. 1ese 
results suggest that the smaller the particle size for an ash 
sample and the larger its external surface area (observed for 
FA sample), the higher the  capacity of the material for the 
cations exchange.  
3.2.3 Morphology 
1e scanning electron micrographs (SEM) of the coal 
combustion by-products increased by 1000X and              
determined by a scanning electron microscope are shown in 
Figure 8. Coal fly ash particles typically had the                  
predominance of spherical shapes at different sizes, which is 
a result of the burning of the coal in the pulverized form. 1is 
morphology is similar to previous observations in other  
researches [4, 21, 38, 39]. Different physical states of silica 
are responsible for the particles of irregular size [39].       
According to Figure 8, in general, the particles size of the 
samples followed the decreasing order: BA>CA>FA. As 
previously mentioned, the size of the particles of each type of 
Sample pH C (µS) 
Loss on         
Ignition (%) 
Bulk Density 
(g cm-3) 
SBET 
(m2 g-1) 
External surface area 
(m2 g-1) 
CEC 
(meq g -1) 
BA 7.56 121.0 17.4 0.6 13.5 0.188 0.05 
CA 7.58 138.0 13.9 0.8 11.5 0.234 0.07 
FA 7.56 183.0 8.00 0.8 8.4 1.35 0.16 
Table 7  Physicochemical properties of coal ashes generated at FTPP 
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ash is related to the specific ash retention system and how 
long each residue was exposed to the flue gas aQer the              
combustion of coal. 1us, all the differences between the 
CCBs related to the total carbon content, loss on ignition 
and external surface area can be also explained.  
3.2.4 Mineralogical composition 
Crystalline phases identified for the ash samples and 
determined by X ray diffraction (XRD) are shown in   Figure 
9. 1e three ash samples are composed mainly of quartz, 
mullite, and magnetite (which are also confirmed from their 
chemical compositions - Table 5). 1ese     crystalline phases 
are typically encountered in this type of material and were 
identified in other studies [21, 40-44]. 1e differences     
between the relative intensities of the XRD paAerns may 
indicate different ratio for the phases as well as may be the 
result of sample preparation [4]. All diffractograms also  
presented the amorphous phase, which can be aAributed to 
the amorphous silica content in these materials. Table 8 
shows the XRD paAerns and the chemical formulas of each 
crystalline phase identified in the CCBs.  
Fig. 9.  XRD PaAerns of coal ash samples (Q = Quartz, M = 
Mullite and Ma = Magnetite)  
Table 8 XRD PaAerns and chemical formulas of the      
different crystalline phases identified in the coal ash          
samples  
 
 
 
 
 
 
According to Figure 2, quartz is also present in the  
precursor coal and did not change its crystalline form  under 
the power plant burning conditions. On the other hand, 
mullite and magnetite were formed aQer some                    
mineralogical modifications of kaolinite and pyrite from the 
feed coal, respectively (Figure 2), aQer the combustion     
process. Table 9 shows the percentages (by % weight) of the 
different crystalline phases of the CCBs, obtained by the 
Rietveld Method.  
As explained before, the mass percentages obtained by 
the Rietveld Method were calculated without the            
amorphous phase, only for comparison between the         
samples. According to Table 9, the mass percentages of the 
different crystalline phases had small variations among the 
samples. 1e highest contents were quartz and mullite for all 
the ashes. 1e differences between the phase   quantities can 
be aAributed to the different temperatures that the residues 
were when they were collected from each waste retention 
system.  
Table 9 Percentages by weight from different crystalline 
phases of CCBs obtained by Rietveld Method  
 
3.2.5 Identification of functional groups 
1e functional groups present in the CCBs samples and 
identified by FTIR absorption spectroscopy technique are 
shown in Figure 10. 1e three samples presented very     
similar infrared spectra, with an intense and wide band close 
to 3446.07 cm-1 related to the axial deformations of O-H 
bonds, which can be aAributed to water. Angular stretches 
and angular deformations in a band at 2925.38 cm -1 and in a 
peak at 1384.55 cm -1, respectively, related to C-H bonds of 
organic groups were also found. Similarly to the infrared 
spectra of feed coal (Figure 4), the bands at 1077.14 cm-1 
and 543.81 cm-1 could be assigned to characteristic bonds of 
O-Si-O groups, for axial and angular deformations,           
respectively. 1e FTIR spectra also showed characteristic           
frequencies of symmetrical    stretching vibrations of O-T-O 
groups (close to 777.4   cm-1) and also angular deformation 
vibrations of the same group at 454.64 cm-1, where T can 
represent Si or Al,  related to the crystalline phases of quartz 
and mullite (previously identified by XRD - Figure 9) or may 
indicate the presence of amorphous aluminosilicates. 1ese 
results are in accordance to [12] and [14] who identified the 
functional groups of Brazilian coal ashes, as well as to [45], 
who identified the functional groups of   foreign ashes.  
Fig. 10.  FTIR spectra of coal ash samples  
By comparing the feed coal and the CCBs FTIR     
spectra (Figures 4 and 10, respectively), it can be noted that 
the intensities of peaks and bands related to the bonds of 
carbon compounds were reduced, showing the reduction of 
organic maAer in the ashes aQer the coal combustion [46]. 
On the other hand, the band close to 1030 cm-1 was          
extended, indicating an increase in the vibrational modes of 
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the O-Si-O bonds, which shows that those elements in the 
ashes can take other combination when feed coal is burnt 
(such as mullite  formation or the presence of amorphous 
phase formed aQer the silicon fusion).  
3.2.6 1ermal analysis 
1e thermal analysis of the CCBs was carried out in 
order to understand the relationship between the contents of 
moisture, organic maAer, inorganic maAer and residual   
carbon, as well as to verify the stability of the compounds in 
the ashes. 1e TGA and DTG diagrams of BA, CA, and FA 
samples were evaluated by 1ermo Gravimetric Analysis 
(TGA) using the TGA thermogravimetric analyzer and, are 
shown in Figures 11, 12 and 13, respectively.  
 
Fig. 11. TGA-DTG diagrams of boAom ash sample (BA). 
Fig. 12. TGA-DTG diagrams of cyclone ash sample (CA). 
Fig. 13. TGA-DTG diagrams of fly ash sample from bag 
filter (FA). 
BA sample (Figure 11) presented a small loss of weight 
related to moisture loss (0.51%), followed by a loss of 
25.97% related to the organic maAer, between 216°C e 813°
C. 1e loss of organic maAer is clearly shown in the DTG 
curve at 527°C, and can be related to the total carbon      
content showed before for BA sample (26.83% - Table 6). 
1e loss of weight between 813°C e 1297°C (3.16%) can be 
aAributed to the degradation of the organic compounds as 
well as the pyrolysis of the residual carbon. 1e residual mass 
content related to the inorganic compounds was 70.37%. 
TGA and DTG curves for CA sample (Figure 12) were 
very similar to those of BA sample. 1e decrease in weight 
related to moisture loss was 0.048%, followed by a loss of 
20.62% related to volatile material, between 154°C and 625°
C. 1e losses of weight related to the degradation of the 
organic compounds as well as that related to the pyrolysis of 
the residual carbon were 0.92% and 5.36%,  respectively 
(between 625°C e 1297°C). 1e residual mass of CA sample 
(73.05%), related to inorganic compounds content, was 
higher than that presented for BA sample. 1is result was 
expected once the cyclone ash sample was exposed a long 
time to the combustion gases than BA. 
FA sample presented a different thermal behavior than 
the other two ashes. As shown in Figure 13, initially there 
was a mass increase of 1.25% (up to 180 ° C), probably   
resulting from the interaction between the nitrogen used in 
the analysis and the sample through adsorption and          
absorption phenomena. 1is interaction between sample 
and analysis atmosphere is possible since FA sample has very 
small particles when compared to the other ash samples. 1e 
weight loss of 5.64%, related to both organic maAer and 
incorporated nitrogen occurred between 180°C e 685°C. In 
addition to the loss of weight related to the degradation of 
the organic compounds and the residual carbon pyrolysis 
(between 685°C e 1298°C), there was also a change in the 
sample clearly showed when DTG curve fell at 1082 ° C and 
1109 ° C, which can be aAributed to a change in the fly ash 
compounds structure, once the TGA curve had a constant 
loss of weight. 1e residual mass of FA was, as expected, 
higher than the  others (92.48%) and it is in accordance with 
the result of its loss on ignition (8% - Table 7). It is           
important to note that FA sample melted around 900° C. 
1is could happen because of the interaction and              
aggregation of small      particles of FA, which allow the    
easier heat propagation when subjected to high                  
temperatures.  
Residual masses of feed coal (FC) and BA, CA and FA 
ash samples (Figures 5, 11, 12 and 13, respectively), shown 
in thermal analysis study decreased in the following order: 
FA> CA> BA> FC. 1ese results corroborate to the         
previous results of loss on ignition (LOI) and total carbon 
content (TC) because of the different degrees of burn for 
each sample, as explained before.  
3.2.7 Particle size analysis 
1e type and the efficiency of each ash retention    
system of a thermal coal-fired power plant are very            
important factors to determine the size of particles of each 
solid waste, whether boAom, light or fly ashes. 1e results of 
the particle size distribution of BA, CA and FA samples 
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determined by a laser diffraction particle size analyzer can be 
observed in both Figures 14, 15 and 16, respectively and 
Table 10.  
Fig. 14. Particle size distribution of boAom ash   sample 
(BA). 
Fig. 15. Particle size distribution of cyclone ash sample 
(CA). 
Fig. 16. Particle size distribution of fly ash sample from bag 
filter (FA). 
Table 10 Particle size distribution analysis of coal ash     
samples 
OBS: D10 refers to the diameter above which 10% of the 
particles are present.  
1e shape of the curves observed in Figures 14, 15 and 
16 shows that the particle size distribution follows a normal 
distribution, thus the average particle diameter of BA, CA 
and FA samples can be considered to be close to D50, and 
therefore are around 84.600 μm, 49.348 μm and 8.167 μm, 
respectively. 1e D3.2 and D4.3 diameter values, calculated by 
the equipment and based on the average surface area of the 
particles and on the average volume of the particles (very 
important to design particles retention equipment), 
respectively, are shown in Table 10. 1e size of particles is in 
accordance with the scanning electron micrographs results 
(Figure 8) and thus decreased as follows: BA>CA>FA. D10 
values confirm that the smallest particles are in FA sample, as 
before discussed.  
1e particle size range for BA sample was between 0.9 
and 796 μm. For that sample, the largest particle size (796 
μm) is the same as the maximum particle size value of feed 
coal (shown in item 3.1), indicating that feed carbon       
particles can be directed to the boAom of the boiler          
furnace without being burnt during the combustion, thus 
indicating that the FTPP has low burn efficiency. In         
addition, BA also has the largest specific area (BET) due to 
its high unburnt carbon content and, consequently, a higher 
loss on ignition, as shown before. D90 values show that 90% 
of the particles of BA, CA and FA samples have diameters 
smaller than 260.323 μm, 147.704 μm, and 27.786 μm,    
respectively, which also corroborates to the previous results.  
3.2.8 Leaching and solubilization tests 
1e concentration of the chemical elements in the ash 
extracts of the leaching tests (using acetic acid) and              
solubilization tests (using water) were determined by       
inductively coupled plasma optical emission spectrometry 
(ICP-OES), and are shown in Tables 11 and 12,                
respectively. 1e results complement the characterization 
study of these materials. According to [14], the chemical 
elements chosen for these tests are those that represent the 
highest risk to fauna and flora and it is also being used to 
evaluate the environmental behavior of waste materials.  
According to Table 11, FA sample was the only one 
that presented in the leachate solution a concentration (for 
As) above the allowed limit by Brazilian regulation (1.27 mg 
L-1, while the limit is 1.0 mg L-1). 1us, the FA sample is  
considered hazardous and can be classified as Class I, while 
CA and BA samples can be classified as Class II                  
(non-hazardous waste). 1erefore, the disposal of the ash 
from the bag filter should be carried out aQer treatment or be 
carefully disposed of in industrial landfills designed to handle 
hazardous waste in order to avoid contamination on site.  
1e solubilization test complements the leaching study 
and classifies non-hazardous waste as inert or non-inert by 
NBR 10006 [25]. 1is study was performed for all samples 
(including FA) for comparison. According to the results 
showed in Table 12, all samples presented concentration 
values for Al and As above the allowed limit, whereas only 
for BA sample the extracted solution also presented high 
concentrations of Cr and Fe. It is noteworthy that, when the 
lead concentration was considered, it was not possible to 
classify the wastes in the solubilized extract (Table 12), since 
the equipment detection limit is above the limit of the      
Brazilian regulation.  
Hg determination was below the equipment detection 
limit (Tables 11 and 12). According to [7], the                   
determination of mercury can be impaired due to the       
absence of an oxidizing agent in the solution able to stabilize 
this element, as well as due to the increase of temperature in 
the solution caused by the stirring of suspension during the 
tests. 1e classification of the tested materials is summarized 
in Table 13.  
Applied Materials and Technology 
Samples 
Particle size distribution analysis 
D3.2 
(μm) 
D4.3 
(μm) 
D10 
(μm) 
D50 
(μm) 
D90 
(μm) 
BA 31.87 116.6 17.53 84.60 260.32 
CA 25.63 67.77 14.12 49.34 147.70 
FA 4.44 12.03 2.018 8.16 27.78 
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Table 12 Concentration of elements solubilized from fly ashes and the allowed limit values  
Elements 
Concentration (mg L-1) 
Maximum Limits*(mg L-1) 
BA CA FA 
Ag <0.010 <0.010 <0.010 0.05 
Al 3.4± 0.04 0.79± 0.05 0.27± 0.01 0.2 
As 9.95± 0.2 0.17± 0.01 0.7± 0.03 0.01 
Ba 0.038± 0.001 0.15± 0.01 0.022± 0.001 0.7 
Cd <0.01 <0.01 <0.01 0.005 
Cr 0.36± 0.01 <0.01 0.042± 0.003 0.05 
Cu <0.05 0.074± 0.005 <0.05 2 
Fe 0.376± 0.005 0.31± 0.06 <0.1 0.3 
Hg <0.001 <0.001 <0.001 0.001 
Mn 0.013± 0.001 0.027± 0.008 <0.01 0.1 
Na 190.5± 0.2 92± 2 77± 3 200 
Pb <0.1 <0.1 <0.1 0.01 
Se 0.43± 0.03 0.045± 0.001 0.039± 0.001 0.01 
Zn 0.093± 0.003 0.21± 0.001 <0.1 5 
Table 13 Summary of the classification of wastes from coal 
combustion according to NBR 10005 and 10006 [24, 25]. 
According to Table 13, although BA and CA          
samples are considered non-hazardous, they are also          
non-inert, thus they should be disposed of in landfills or       
co-processed. It is worth mentioning, as explained by [47], 
that coal ashes are not completely inert and can, over time, 
mobilize trace elements of their mineral fraction. 1erefore, 
stabilization and immobilization studies of toxic elements 
present in this type of waste are needed in future research. 
4.  CONCLUSIONS  
Feed coal from Figueira 1ermal Power Plant 
(FTPP) presented 72.2% of volatile maAer, of which 55.32% 
corresponded to the total carbon content. LOI, FTIR, TGA 
and TC results were correlated and confirmed these results. 
1e main mineral phases found in FC and determined by 
XRD were quartz, kaolinite, and pyrite. XRF and FTIR    
techniques were also used to confirm those     results. Particle 
size distribution results, related to the    burning efficiency in 
coal-fired power plants followed a  normal distribution, with 
a D50 of 43.357 μm. Elements as As, Cr, Ni, and Pb were 
found in FC sample, indicating that the burning of the feed 
coal should be monitored due to the toxic potential of those 
elements. 
Coal combustion by-products (CCBs) presented 
similar chemical composition, with a total content of the 
main oxides (SiO2, Al2O3, and Fe2O3) above 72% for the 
three samples, and were classified as class F according to 
ASTM. Ashes enrichment factor analysis showed that As, 
Zn, and Pb concentrate mainly in fly ash from bag filter 
(FA), whereas the elements that presented higher             
enrichment in the boAom ash (BA) and therefore present 
low volatility are K and Mg. All ashes presented quartz,   
mullite, and magnetite as crystalline phases as well as the 
same functional groups, which indicated contents of        
humidity, organic maAer and Si and Al compounds. 1e 
XRD, XRF, TGA, FTIR LOI, and TC technique               
Sample Leaching test Solubilization tests 
BA 
Class II – Non-
Hazardous 
Non-Inert – Class 
II A 
CA 
Class II – Non-
Hazardous 
Non-Inert – Class 
II A 
FA 
Class I – 
Hazardous 
– 
Applied Materials and Technology 
Elements 
Concentration (mg L-1) 
Maximum Limits*(mg L-1) 
BA CA FA 
Ag <0.010 <0.010 <0.010 5.0 
As 0.086 ± 0.001 0.111 ± 0.002 1.27± 0.2 1.0 
Ba 0.236 ± 0.001 0.161 ± 0.001 0.0269± 0.0002 70 
Cd 0.0266± 0.0002 0.031 ± 0.001 0.2731± 0.0001 0.5 
Cr <0.01 0.014± 0.001 0.039 ± 0.0004 5.0 
Hg <0.001 <0.001 <0.001 0.1 
Pb 0.0527 ± 0.0003 0.0527 ± 0.0003 0.047 ± 0.002 1.0 
Se 0.107 ± 0.01 0.13 ± 0.2 0.138 ± 0.002 1.0 
Table 11 Concentration of elements leachated from fly ashes and the allowed limit values  
(*) Established by Norm ABNT NBR 10004 (2004a).  
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complemented themselves to confirm the results. Total  
Carbon content (TC) of CCBs samples decreased in the 
following order: BA (26.83%) > CA (15.72%) > FA 
(3.05%). 1ese contents were related to the surface area, 
TGA, LOI, particle size analysis, and SEM results. Also, all 
CCBs presented similar pH and conductivity values. 1ose 
results were related to the chemical composition,              
Enrichment Factor (EF), particle size analysis, LOI, and 
external and total surface areas. 
Cation Exchange Capacity (CEC) results for the ashes 
followed the increasing order: BA < CA < FA and showed a 
relationship with both the particle size analysis and the    
external surface areas. CCBs showed a very similar particle 
size distribution and, all results were in accordance with 
external surface area values and morphology. Leaching and 
solubilization tests of CCBs showed that FA sample was 
considered hazardous and classified as class I waste, while 
CA and BA samples were considered non-hazardous and 
non-inert wastes and classified as class II-A. 1erefore, FA 
disposal should be done aQer treatment or very strict criteria 
conditions for its disposal needs to be followed. 
Stabilization and immobilization studies of toxic 
elements present in ashes are needed in future research in 
order to avoid contamination on waste disposal site. In   
addition to contributing to the understanding of the         
relationship between coal and its combustion products, this 
work can also help to reduce the environmental impacts 
caused by the CCBs disposal, as well as can also be used to 
compare the characteristics of CCBs from FTPP with the 
new wastes that will be generated by the same thermal    
power plant that will be soon modernized.  
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